Adult mouse articular cartilage (AC) has not been thoroughly described using high resolution imaging techniques, despite the fact that the availability of knockout mice with specific extracellular matrix (ECM) mutations have renewed interest in using the mouse as a model for a variety of different human conditions. With osteoarthritis affecting millions of people worldwide, investigations into the structure and, therefore, the ability of AC to act as a load-bearing tissue, are crucial for developing treatments and prevention techniques to limit the degree of severity in this condition. Cryofixation and formaldehyde fixation as well as chemical digestion of the uncalcified regions of AC were used in combination with bright field light, polarised light and scanning electron microscopy to image the structure of adult mouse AC. Chemical digestion of the tissue revealed unique insights into the structure of mouse AC and the high cellular density of the tissue. Tightly packed sheets of collagen fibrils formed the territorial matrix (TM) of the deep zone. These were observed closely surrounding the chondrons, after applying both chemical and cryofixation techniques. The interterritorial matrix (IM), in contrast, was more isotropically arranged. The results of the study have implications for the interpretation of biomechanical functionality of mouse AC with probable applications to other species.
Introduction
Articular cartilage (AC) is located on the surfaces of bones in all joints enabling smooth frictionless movement while also dissipating stresses in the joint and acting as a load-bearing surface. Hunter (1743) is one of the first to describe the structure of AC as velvet-like, consisting of parallel fibres, orientated perpendicularly to the bone, which bend under pressure but completely recover once the load has been removed. Since then, the study and understanding of AC has undergone large transformations. Today, research on AC is even more important due to the rising numbers of people suffering from diseases such as osteoarthritis and rheumatoid arthritis, debilitating conditions caused by a breakdown in the structure and functionality of AC.
AC is comprised of chondrocytes surrounded by a dense extracellular matrix (ECM) providing the tissue with its unique biomechanical properties. Collagen forms the structural skeleton of the tissue, enclosing a hydrated proteoglycan (PG) gel that exerts an internal pressure of approximately 2-3atm (Urban et al., 1979; Basser et al., 1998) . The collagen skeleton resists both the pressure from the PGs and the shear stresses produced during joint movement (Basser et al., 1998; Bank et al., 2000) . The swelling pressures from the hydrated PGs partially resist load-bearing compressive forces and enable the rapid recovery of the AC. There are several different types of collagen and proteoglycan molecules within the tissue. The proteoglycans can be classified into the small leucine-rich proteoglycans (SLRPs), including decorin, fibromodulin, biglycan, lumican, epiphycan and keratan (Iozzo and Murdoch, 1996) and much larger macromolecules that form aggregates with hyaluronic acid, the largest of which is called aggrecan (Hascall and Hascall, 1981; Hagg et al., 1997) . The collagens are also very diverse. Collagens identified in AC include the cartilage specific collagen types II, IX, X and XI as well as the more universally distributed types III, V, VI, XII and XIV (Eyre et al., 1987; Burgesson and Nimni, 1991; Thomas et al., 1994; Wotton and Duance, 1994) . Collagens type II, III, V and XI are all classical fibril forming collagens whilst most of the other collagens in AC are fibril associated collagens with interrupted helices (FACIT), which associate with the fibril forming types (Thomas et al., 1994; Ninomiya, 1999a, 1999b) . The exceptions to these groups are collagen type X, a short chain collagen, and collagen type VI, which has not yet been classified (Olsen and Ninomiya, 1999c) .
THE ULTRASTRUCTURE OF MOUSE ARTICULAR CARTILAGE: COLLAGEN ORIENTATION AND IMPLICATIONS FOR TISSUE FUNCTIONALITY. A POLARISED LIGHT AND SCANNING ELECTRON MICROSCOPE STUDY AND REVIEW.
While the molecular components of the tissue have been well characterised and many of the collagen-collagen and collagen-proteoglycan interactions described under in vivo and in vitro conditions (Hendrix et al., 1982; Bayliss et al., 1983; Broom and Poole, 1983; Orford and Gardner, 1984; Müller-Glauser et al., 1986; Mendler et al., 1989; Furuto et al., 1991; Poole et al., 1992; Wu et al., 1992; Hagiwara et al., 1993; Hedbom and Heinegárd, 1993; Wotton and Duance, 1994; Weber et al., 1996; Danielson et al., 1997; Hagg et al., 1998) , the three dimensional structure of AC is still controversial, due to the variation in preparation methods, imaging techniques and the variety of species in which AC has been studied.
Hunter (1743) originally used a 'glas' to study AC. Since then light microscopy (Fawns and Landells, 1953; Anderson, 1961; Stockwell and Scott, 1967; Poole, 1970; Rosenberg, 1971; Shephard and Mitchell, 1976; Kincaid and Evander, 1985; Olivier et al., 2001; Hyllested et al., review, 2002) , polarised light microscopy (Benninghoff, 1925; MacConail, 1951; Arokoski et al., 1996; Módis et al., 1996; Olivier et al., 2001) , transmission electron microscopy (Anderson, 1964; Weiss et al., 1968; Minns and Stevens, 1977; Engfeldt et al., 1986; Broom, 1986; Jurvelin et al., 1996; Hunziker et al., 1997) and scanning electron microscopy (Inoue et al., 1969; Clarke, 1971; Clarke, 1974; Redler, 1974; Ghadially et al., 1975; Clark, 1990; Jeffery et al., 1991; Clark and Simonian, 1997; Kääb et al., 1999; Clark et al., 1999; ap Gwynn et al., 2000; , among other techniques, have all been employed in the attempt to determine the structure of AC. The ultrastructure of AC is an area still under debate and several different models of AC structure are described.
Benninghoff (1925) proposes a model for the structure of AC after using mechanical means to split the tissue as well as polarised light microscopy to observe in which directions the splits took place. This model suggests that the fibres in AC are arranged in a perpendicular orientation, with respect to the articular surface, in the deep or radial zone, before arching over in the intermediate or transitional zone. In the regions near the surface of the cartilage, the superficial or tangential zone, the fibres lie in a parallel orientation to the articular surface.
Other models for the structure of AC either build on and further develop Benninghoff's model, or dispute it. While many authors confirm the parallel alignment of fibres in the superficial zone of AC (Cameron and Robinson, 1958; McCall, 1962; Anderson, 1964; Silberberg et al., 1966; Clarke, 1971; Teshima et al., 1995) , the situation in the intermediate and deep zones is more controversial. The arching of collagen fibres in the intermediate zone is described in a few papers subsequent to Benninghoffs (Clarke, 1971; Clark and Simonian, 1997) as well as suggestions that a more isotropic arrangement is present (Little et al., 1958; Hunziker, 1992) . MacConnail (1951) employs polarised light microscopy as well as interference microscopy and reveals that AC comprised interweaving collagen fibres throughout the deep and intermediate zones, bounded at the surface by a "Lamina splendens", a bright line of tissue at the surface of the AC. Clark (1990) shows, using SEM, that rather than the arching collagen fibres interweaving as in Benninghoff's model, they form overlapping thin layers bending in a single direction.
The deep zone of AC is one of the most intensely studied regions of cartilage and is usually also the zone with the greatest volume (Hunziker, 1992) . The radial or perpendicular orientation of the collagen fibres and fibrils, as presented in Benninghoff's model, is frequently observed (Little et al., 1958; McCall, 1962; Anderson, 1964; Clarke, 1971; Clark, 1990; Clarke and Simonian, 1997; ap Gwynn et al., 2000; However, there are studies that have shown that although the majority of fibrils may run perpendicularly, there is also a second group of fibrils, intersecting transverse fibrils, present in the radial/deep zone (Hunter, 1743; Hunziker et al., 1997; MacConaill, 1951; Bullough and Goodfellow, 1968) . Random fibril orientation is also observed in the deep zone (Weiss et al., 1968) . Hunziker et al., 1997 shows that the fibrils in this region are closely packed together with the banding on the fibrils in register. Other studies show that the fibrils lie not only aligned in a perpendicular direction but also may be arranged into tubule-like structures in the rabbit ap Gwynn et al., 2000; ap Gwynn et al., 2002) . These structures correspond to the known biomechanical properties of the tissue and would act as a dampening system during compression by resisting lateral fluid flow in the tissue and directing it against the compressive force (ap Gwynn et al., 2002) . However, there is an additional division of the matrix in the deep zone of AC into the territorial (TM) and interterritorial (IM) matrices, focussed around the chondrons (Clarke, 1974) . This further division is rarely discussed in the literature and further complicates the construction of a model for AC structure.
Much of the controversy surrounding the structure of AC derives from the methods used for fixation of the tissue prior to imaging. Different chemical preparation methods produce different results (Hunziker et al., 1982; Kiviranta et al., 1984; Kääb et al., 1999; ) . Studies in more recent years focus on using cryo-fixation methods for electron microscopy to preserve tissue as close to the living state as possible (Studer et al., 1995; Hunziker et al., 1997; Eyre et al., 2002; ap Gwynn et al., 2000; . Cryo-fixation techniques have led to new and in some cases novel ideas about the structure of AC in several species Hunziker et al., 1997; ap Gwynn et al., 2000 ap Gwynn et al., , 2002 .
Mouse AC has not been studied extensively with high-resolution imaging methods except with transmission electron microscopy (TEM), (Silberberg et al., 1961; 1966) . Mouse AC appears to be an ideal subject for electron microscopic investigations due to the small size of the tissue, enabling the AC to be fixed whole while preserving its structural integrity as much as possible. The mouse also is an ideal model to use for studies of the development of AC due to the relatively short time it takes to mature. Advancements in knockout mice strain technology have led to the production of mice with cartilage collagen and proteoglycan mutations (Fassler et al., 1994; Jacenko and Olsen, 1995; Danielson et al., 1997; Aszódi et al., 2000; Young and Xu, 2001; Hyttinen et al., 2001; Chakravarti 2002; Gill et al., 2002) . However, an adequate structural description of normal mouse AC has yet to be presented.
A combination of imaging techniques, including polarised light microscopy (PLM) and field emission scanning electron microscopy (SEM), were used to reveal novel structural features in adult mouse AC that may have important implications for the biomechanical functionality of the tissue. Initial investigations into the structural development of mouse AC were also conducted.
Materials and Methods
Whole tibiae from adult and immature CD1 mice (Harlen, UK), sacrificed by pentobarbitone overdose, ranging in age from 1 to 21 days and 1 to 8 months old, were dissected and fixed within 30 minutes according to the following protocols. A separate study was carried out to determine optimal fixation procedures. All procedures were carried out at room temperature (24-26ºC) unless otherwise stated. All the samples prepared for light microscopy were fixed with 4% formaldehyde in 0.1M piperazine-1,4-bis-2-ethanesulfonic acid buffer (PIPES), pH8.5, for 24 hours.
Cryofixation
Immediately after dissection, tibiae were placed in 0.1M phosphate buffered saline (PBS), pH 7.3 (Oxoid Unipath Ltd, UK) for a period between 5 and 30 minutes to prevent drying of the tissue. The tibiae were blotted dry and plunge frozen in propane cooled with liquid nitrogen. The specimens were freeze substituted, using a Leica EM AFS freeze substitution unit, at -80ºC for a total of 10 days. The freeze substitution medium used for the initial 5 days was 59.8% acetone, 30% methanol, 10% acrolein and 0.2% tannic acid . This initial procedure was followed by 5 days in 100% acetone before the samples were brought up to room temperature and underwent three more changes, 15 minutes each, of 100% acetone.
Chemical fixation
Immediately following dissection tibiae were fixed in 4% formaldehyde in 0.1M PIPES, pH8.5, for 24 hours. Samples to be imaged by electron microscopy were rinsed in PBS buffer (pH 7.3) before being dehydrated in an ascending, 70%, 80%, 90% and three changes of 100% (for 15 minutes each change), acetone series. Samples to be imaged by light microscopy were rinsed in 0.1M PBS buffer (pH 7.3), decalcified in 1% ethylenediamine tetra-acetic acid (EDTA) in 0.1M PBS, for 7 days, changing the solution daily, and fully dehydrated in an ascending, 70%, 80%, 90% and three changes of 100% (for 15 minutes each change), ethanol series.
Chemical digestion
Unfixed tibiae were digested chemically immediately after dissection in unbuffered 2% papain (Sigma, UK) at 60ºC for 3 days, at which point, all the uncalcified AC appeared to have been removed. The tissue was then decalcified briefly in 10% EDTA for 12 minutes, rinsed in 0.1M PBS (pH 7.3) and fully dehydrated in an ascending, 70%, 80%, 90% and three changes of 100% (for 15 minutes each change), acetone series.
Drying, fracturing and mounting for electron microscopy Following full dehydration or freeze substitution, the tibiae were critical point dried using liquid carbon dioxide in a standard critical point drier (E3000, Polaron, UK) with 20 minutes between each of the 4 flushes. Once dried, samples were placed in a fracture device (ap Gwynn et al., 2002) , cooled with liquid nitrogen, fractured and brought up to room temperature in a sealed container that prevented moisture condensing onto the samples. The tibiae were mounted on aluminium stubs and were coated with 4nm platinum/palladium (80/20) using a high-resolution sputter coater (Agar, UK).
Embedding, sectioning and staining for light microscopy Following ethanol dehydration, samples were placed in 3 changes of 100% xylene for a minimum of 1 hour each change. The tibiae were then placed in 3 changes of melted paraffin wax, at a temperature of 60ºC, for a minimum of 1 hour each change, before being placed in a watch glass containing fresh wax, orientated and blocked by cooling the specimen rapidly. The blocked samples were stored at 4ºC until sectioning. The tibiae were sectioned at a thickness of 7.5µm and the sections were mounted onto plain glass slides.
The staining protocol used was based on the original picrosirius red method (Sweat et al., 1964) with minor changes. The sections were de-waxed in three changes of 100% histoclear (National Diagnostics, USA), for 3 minutes each change. The sections were re-hydrated in a descending ethanol series, 2 changes of 100% followed by 1 change each of 90% and 70% for 3 minutes each change. Re-hydration of the sections was ensured by washing the sections for 10 minutes in ultra-high purity (UHP) water. The tibial sections were stained in 0.1% direct red 80 (Aldrich Chemical Company, UK), (also known as sirius red), in saturated picric acid (BDH Chemicals Ltd, UK) for 1 hour. The sections were rinsed quickly twice in 0.5% glacial acetic acid to remove excess stain. The samples were re-hydrated in an ascending ethanol series (70%, 90% and 2 changes of 100% ethanol) before 3 changes in histoclear, each change for duration of 3 minutes. The sections were mounted permanently in DPX histological mountant (BDH Chemicals Ltd, UK) and covered with a coverslip. Slides were left to dry at room temperature overnight.
Microscope operating conditions
Tibiae for EM were imaged using a Hitachi S-4700II field emission scanning electron microscope using the upper secondary electron detector. The microscope was operated in ultra-high resolution mode at an accelerating voltage of 1.5kV and an emission current of 10µA. The working distance varied and was recorded on each image. Red (L) and cyan(R) anaglyph stereo-pair images were created by taking two images of the same region on a specimen, the second image taken after the sample Ultrastructure of mouse articular cartilage had been tilted eucentrically by 6-10°. The images were combined using Quartz PCI (version 5.10, Quartz imaging corporation, Canada). The three dimension model and profile analysis were produced from anaglyph stereo-pair images using Mex (2004, Alicona imaging, Austria) software package.
Sectioned material was examined using a Leitz laborlux 12 light microscope attached to a JVC TK-C1381 video camera from which stills were taken. Sectioned specimens were also examined with polarised light using a Zeiss Photomicroscope III from which images were recorded onto photographic film. The images were later transformed to a digital format following film processing.
Results and Discussion
The results of applying different methods to fix, prepare and image the adult mouse AC correlated with each other, although some methods resulted in better ultrastructural preservation of the collagen matrix. General examination of the full depth AC was conducted using low magnification methods (figure 1). High resolution imaging was used to examine, in detail, each of the four main histological zones.
Tangential/superficial zone
This zone was characterised by the parallel alignment of both the matrix and the chondrocytes to the articular surface. The articular surface appeared smooth with SEM and could be easily pulled off the underlying layers of collagen matrix during the fracture process. It was clearly identified as a bright line using polarised light microscopy of the picrosirius red stained tissue (figure 1). This structure was related to the "Lamina splendens" initially proposed by MacConaill (1951) and later identified by SEM (Clark, 1990) . Immediately beneath the Lamina splendens were several layers of collagen fibrils, forming a mesh that ran parallel to the articular surface (figure 2). These layers appeared to extend to a depth of approximately 3µm.
The chondrocytes in this zone, which appeared to be located beneath the layers of collagen fibrils, were the smallest observed in mouse articular cartilage, by both light and electron microscopy (figures 1 and 2). The chondrocytes were flattened along the axis parallel to the articular surface. In the fractured tissue, the chondrocytes only appeared singly, except in fractured samples where the collagen layers were peeled away -when paired chondrocytes were observed. The matrix surrounding the chondrocytes appeared uniform, with the collagen fibrils isotropically arranged with respect to one another, and was generally orientated parallel to the articular surface.
The superficial zone was the earliest zone to be expressed during development of mouse articular cartilage, present at 5 days in age (figure 8).
Transitional/intermediate zone
This zone could not be identified by polarised light microscopy, its absence in the images suggesting that the matrix of this zone was isotropically aligned (figure 1), only anisotropic structures can be detected by polarised light microscopy, even after being stained with picrosirius red. The only structures observed in this zone, by means of polarised light microscopy, were the pericellular capsules surrounding the chondrocytes, even after rotation and adjustment of the polarising filters.
The transitional zone, imaged using SEM, showed the matrix and cells arching over, from the perpendicular alignment, with respect to the articular surface, observed in the deep zone, to the parallel alignment of the superficial zone (figure 3). The collagen fibrils were isotropically arranged, as expected from the polarised light microscope results, and appeared to curve around the chondrocytes. The isotropy in the intermediate zone is also described elsewhere (Little et al., 1958; O'Conner et al., 1988; Hunziker, 1992) .
The often paired chondrocytes, as observed with LM and SEM, were rounded in morphology and were orientated at an angle to the articular surface (figure 3). The intermediate zone appeared after the tissue developed parallel alignment of chondrocytes and matrix, giving the superficial zonation of the tissue. There was a reduction in the birefringence of the tissue in the load-bearing region of the developing AC, with paired chondrocytes appearing to be randomly arranged and at a variety of different angles to the articular surface. The intermediate zone appeared initially at approximately 7 days of age (figure 8).
Radial/deep zone
The deep zone was the largest zone, occupying 60-80% of the uncalcified cartilage in the adult mouse. The chondrocytes were large and appeared rounded, almost identical to those observed in the intermediate zone, but were orientated perpendicularly to the articular surface (figure 4). The alignment of the chondrocytes was reflected in the collagen matrix, the fibrils of which were also mainly orientated perpendicularly to the articular surface. The collagen matrix in the deep zone was divided into to distinct regions, the territorial (TM) and interterritorial (IM) matrices (figure 5).
The TM appeared to surround the chondrons and was often visible even when the chondrocytes were not. When viewed with polarised light microscopy, the TM appeared extremely birefringent and was observed to extend from the deep zone through the 'tidemark' and down into the calcified zone, forming a continuum (figure 1). The appearance of the TM surrounding columns of chondrocytes was also seen by SEM (figure 4) and was observed to be arranged in a 'sheet-like' fashion after both formaldehyde and cryo-fixation (figure 5). Evidence for the sheet-like collagen network surrounding the chondrons was also seen following chemical digestion of the uncalcified regions of the AC (figure 7) -indicating that this is a natural feature of the deep zone.
The collagen sheets appeared to be formed mostly from perpendicularly orientated collagen fibrils, aligned so that the collagen banding was in register. The collagen banding was often particularly prominent and appeared to be separate structures, possibly orthogonally arranged fine fibrils connecting the main collagen fibrils (figure 5). On the surface of the matrix sheets some collagen fibrils appeared to emerge from the sheet, at an angle to the general orientation, before rejoining the matrix sheets some distance away. Such fibrils could form connections . All the collagen fibrils exhibit a banding along their lengths and in the parallel sheet fibrils this is in register. In some regions the bands span between fibrils indicating that their may be an additional structure that binds the collagen fibrils in a spacing that corresponds to the D-periodic banding in collagen (arrows, figures C and D). There are also a number of collagen fibrils that are more isotropically arranged and weave in and out of the underlying collagen sheets (figures A, B and C, diamond shaped arrow). The banding on the fibrils weaving in and out of the matrix is apparent but appears slightly different to that observed on the sheet-like collagen fibrils. Figure D between the collagen sheets and also integrate the IM and the proteoglycans with the sheet-like structures observed. These collagen sheets are novel structures observed in the mouse AC. Similar arrangements of collagen fibrils are observed in rabbit, sheep and human AC, where the fibrils appear to be assembled into tubes containing the hydrated proteoglycans ap Gwynn et al., 2000; . Alternatively, Hunziker and colleagues (1997) show regions in human AC where there are bundles of parallel collagen fibrils with the fibrillar banding in register and a secondary fibril network of more isotropically arranged collagen fibrils. As both the freezing and the fixation of the tissue by chemical methods revealed the collagen sheets, it is likely that they are not an artefact of the preparation methods and are related to the structures shown in other species.
While the collagen sheets were observed mainly surrounding the chondrons, there were cryofixed samples, in which no obvious damage due to ice-crystal formation was observed, that appeared to be constructed entirely from the sheet-like collagen matrix (figure 6). However, these images need careful interpretation, as during the process of fracturing, the fracture plane may propagate along the line of least resistance, resulting in an increased likelihood of collagen sheet exposure. The chemical digestion of the uncalcified regions of the AC, exposing the upper edge of the calcified zone, the 'tidemark', revealed the high density of chondrocytes and chondrons within the tissue ( figure  7) . The chondrons were often very tightly packed together with only a relatively small amount of TM between them. It was mostly the TM that was exposed during the fracture process, resulting in the appearance of a continuous sheetlike appearance of the collagen matrix with very few cells observed (figure 6). Examination of the collagen sheets, using three dimensional models built from anaglyph stereo-pair images and profile analysis of the models (figure 6), revealed that the exposed matrix curved significantly around structures that had the same dimensions as chondrons.
The observation regarding cellular density in the tissue contrasts with that in other species where the IM appears to form most of the deep zone cartilage (Hunziker et al., Figure 7 . The calcified zone of adult mouse articular cartilage (A-F), either cryofixed (figure A), or fixed in formaldehyde (figure B), dried and fractured and imaged with SEM or with the uncalcified cartilage removed chemically (exposing the tidemark), decalcified, dried and imaged from above by SEM (figures C-F). The territorial matrix (TM) continues into to the calcified cartilage, through the tidemark (open arrows, figure A and B) surrounding the chondrocytes (figure A) and can be observed to show calcification extending up and along the collagen fibrils in the deep zone (closed arrow, figure B) . The decalcification of the tissue, to expose the tidemark, shows that the chondrons span across the front of calcification and extend into the calcified zone, leaving lacunae (LC) to indicate the location of the cells and their pericellular matrices. The exposure of the tidemark also reveals how densely packed the mouse AC is with chondrons and that most of the remaining matrix is TM (figure C and D) with very little interterritorial matrix (IM) present. Closer examination of the tissue shows that the TM is composed of collagen sheets (TM, figure E), while the IM is more isotropic (IM, figures E and F). The chondrocytes (C) and matrix, in the 14 day old tissue (figure E), are similar, albeit slanted towards the centre of the joint, to the adult tissue, however, the calcified matrix is not very clear and the tidemark is very indistinct. By 18 days old the tissue cannot be distinguished from adult AC and the tidemark can easily be identified (vertical closed arrows, figure F) .
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1997). However, there is variation in the cell density across species, related to the thickness of the AC rather than body weight, with mouse showing the greatest density of chondrocytes (Stockwell, 1971) . The variation in cell density in relation to the thickness of the cartilage is a matter to be considered when comparing mouse AC to that of other species and would account for the structural variations observed. The rabbit 'tubular' arrangement being a possible derivation of structures homologous to the mouse collagen sheets, but where the matrix surrounding the chondrons is much thicker. Extensive exposure of the chondrons (figures 1 and 4) only occurred after the tissue was compromised in some manner, i.e. with ice crystal formation. The damage caused by the small ice-crystals could only be observed at high magnification and did not effect the general orientation or zonation of the collagen matrix. Collagen sheets were only observed in samples with no evidence of ice-crystal damage or in chemically fixed samples.
The IM was mostly observed in the formaldehyde fixed tissue (figure 5). Generally, the matrix was orientated perpendicularly with respect to the articular surface. However, unlike in the TM, the collagen fibrils were not closely attached together in a highly organised manner, but instead were more isotropically arranged, agreeing with the AC appearance from other species . This appearance of the matrix was also observed following chemical digestion in the few regions of IM present.
The deep zone did not appear in the AC until the mice had reached approximately 8-9 days in age, as viewed with both light and polarised light microscopy (figure 8).
The deep zone appeared to form within an intermediate zone space that was surrounded by the birefringent fibres orientated parallel to the articular surface. At this stage, both chondrons and collagen fibres started to be orientated perpendicularly to the articular surface in the load-bearing region of the tissue.
Calcified zone
The TM in the calcified zone was continuous with the TM in the deep zone in mouse AC, when observed by polarised light microscopy (figure 1). The tidemark, the calcification front, was not a specific structure but was used to describe the distinct line of transition in the AC matrix from the deep zone to the calcified zone. The calcification of the collagen fibrils was observed at the base of the deep zone, and apart from the obvious deposits along the length of the collagen fibrils, in the fractured tissue, imaged by SEM, the collagen matrix retained its structural integrity through both zones (figure 7).
The un-calcified regions of the AC, the superficial, intermediate and deep zones, were digested chemically with the aim of exposing the tidemark of the calcified zone. The tissue was then decalcified briefly to expose the organisation of the collagen fibrils that had been preserved during the process of calcification and that were usually hidden in the tissue. The distinct TM and IM were immediately apparent, as was the high cellular density of the tissue, confirming the observations made concerning the structure of the collagen matrix in the deep zone (figure 7).
The calcified zone was the last zone to form and could not positively be identified using the techniques described, until the mice were just under 3 weeks old, when there was a marked change between the densities of the deep and calcified zones, as viewed with SEM (figure 8).
A model of mouse AC
A model has been proposed to integrate all of the components observed in the mouse AC ( figure 9 ). In this model, the chondrons (the chondrocytes and their surrounding pericellular capsules) are aligned into continuous columns traversing the calcified and deep zone of the cartilage. A columnar arrangement of the cells was observed after PLM and SEM imaging of the tissue. In the PLM images the TM was continuous along the length of the cellular columns. In SEM, the TM was observed to curve around the chondrons (figure 4). In the model, the TM forms a tube around the chondrons -isolating and protecting the chondron units from the deformation of the AC. It would also limit or prevent lateral fluid flow across the collagen matrix that forms the TM. The IM appeared more isotropic, by all of the imaging and preparation techniques employed, and would probably undergo the greatest deformation during loading (figure 10).
Deformation of both the collagen matrix and the chondrocytes is observed during loading, but crucially only in the superficial and transitional zones; chondrocytes in the deep zones of rabbit AC do not appear to undergo any significant deformation (Guilak et al., 1995; 2003) . During the deformation of the tissue under load, the rigid collagen sheets that form the TM would protect the vulnerable chondrocytes and possibly direct or limit the amount of stimulation the cells are subjected to. Chondrocytes are affected by mechanical stimulus (Urban, 1994) and there are marked differences in the proliferation, cell cycle and metabolic rates of chondrocytes in various histological zones (Mankin 1962; Meachim and Stockwell, 1979; Hayes et al., 2001; Dowthwaite et al., 2004) . In addition, the biomechanical properties of cartilage suggest the type of matrix arrangement suggested in the model, with a directed fluid flow acting against the compressive force, through "matrix pores" or "flow channels", the latter thought to help create the initial perpendicular alignment of the matrix (Zarek and Edwards, 1963; Armstrong and Mow, 1982; Tepic and Ito, 1997) . The model would, thus, correlate with a number of investigations and the apparent early development of the tissue from the intermediate zone ( figure 8 ) would, therefore, be logical.
The continuation of the cellular columns into and through the calcified zone is due to the progressive calcification of the uncalcified cartilage at the tidemark. The calcification of the tissue is uninterrupted throughout adult life and the calcified zone remains at a constant thickness, due mostly to the corresponding absorption of the calcified cartilage into the subchondral bone by endochondral ossification (Lane and Bullough, 1980; Bullough and Jagannath, 1983) . Although the presence of the columns traversing the zones may be incidental, it would also function to help anchor the uncalcified tissue more firmly and strengthening Figure A shows the unloaded matrix appearance with all of the uncalcified histological zones represented. I, II an III indicate the superficial, intermediate and deep zones respectively. In figure B load has been applying resulting in the deformation of the superficial and transitional zone chondrocytes (C) and matrix, while the chondrocytes surrounded and protected to a greater extent by the territorial matrix (TM) are relatively unchanged. The main deformation that occurs in the deep zone is in the interterritorial matrix (IM), allowing the cellular columns to slide over and with respect to one another. the region of the tidemark, the weakest point of the cartilage (Fawns and Landells, 1953; Otterness et al., 1999) .
In the proposed model, it is clear that the chondrocytes occupy a central role in determining the structure of the cartilage. The role of chondrocytes beyond initially producing the matrix and the maintenance of cellular viability, although apparent, remains unclear. It is possible that the cells have an additional function in mediating the calcification of the tissue at a certain position or time.
The model of mouse AC has been developed after extensive examination of numerous samples using a variety of different fixation methods. Both chemical fixation and cryofixation methods have shown the same structures, collagen sheets surrounding columns of chondrocytes. Different imaging and preparation methods have led to the same conclusions, indicating that the presence of these structures are both continuous throughout the deep and calcified zones and that they are less likely to be the result of artefact formation. The model is in agreement with known biomechanical properties of this tissue and the way the tissue develops. How this model of cartilage relates to the situation in other species has yet to be determined.
